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Abstract: Already installed cables are aging and the cable network is growing rapidly. Improved
condition monitoring methods are required for greater visibility of insulation defects in the cable
networks. One of the critical challenges for continuous monitoring is the large amount of partial
discharge (PD) data that poses constraints on the diagnostic capabilities. This paper presents the
performance comparison of two data acquisition techniques based on phase resolved partial discharge
(PRPD) and pulse acquisition (PA). The major contribution of this work is to provide an in-depth
understanding of these techniques considering the perspective of randomness of the PD mechanism
and improvements in the reliability of diagnostics. Experimental study is performed on the medium
voltage (MV) cables in the laboratory environment. It has been observed that PRPD based acquisition
not only requires a significantly larger amount of data but is also susceptible to losing the important
information especially when multiple PD sources are being investigated. On the other hand, the PA
technique presents improved performance for PD diagnosis. Furthermore, the use of the PA technique
enables the efficient practical implementation of the continuous PD monitoring by reducing the
amount of data that is acquired by extracting useful signals and discarding the silent data intervals.
Keywords: data acquisition; partial discharges; insulation; condition monitoring; cables
1. Introduction
Networks are growing and underground cable installation is increasing, especially in urban areas.
The number of cable interconnections is increasing, bringing more joints and terminations that are
most vulnerable parts of the cable system considering insulation degradation. Already installed cables
are aging and reaching the end of their lifetime [1]. Furthermore, due to loading conditions these
cables are often operating at their capacity limits [2], which can be even worse due to increasing
penetration of the power electronic loads and sources, e.g., related to distributed energy resources.
On the one hand, the operational circumstances of the cable networks are causing challenges. On the
other hand, the emerging need for increased resilience and security of the grid is a growing requirement
for the smart grid implementation roadmap [3–5]. The way to comply with these demands is efficient
monitoring and greater visibility that can be accomplished by continuous online monitoring of the
insulation condition of the cables. Partial discharge (PD) monitoring provides a clear indication of
the degradation of the electric insulation prior to failures and is considered as an efficient method for
condition monitoring of the cables [4].
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While operational performance of the measurement sensors is of importance, the data acquisition
system (DAS) plays a significant role in developing a capable monitoring and diagnostic system [6,7].
The stochastic nature of the PD activity [4] and observing the PD data for longer periods of time requires
efficient techniques to acquire the data from the monitored components. Comprehensive research
has been done on improvements of the sensor technology that includes shunts, current transformers
(CTs), Rogowski coils, Hall effect sensors, magneto impedance (MI) sensors, giant magneto resistive
sensors, optical current and acoustic sensors [8]. Because of their non-intrusive installation and
operational characteristics, high frequency current transformers (HFCT) and Rogowski coils are the
preferred sensors for cable monitoring [4,7]. However, in this work HFCT is used to perform the
PD measurement.
Traditionally, PD monitoring requires onsite measurements by experts with several years of
field experience in analyzing the data manually. In-service cables are inspected on a periodic basis.
The periodic monitoring is done 2–3 times per year using online or offline PD measurements. The critical
parts of the cable network are replaced or repaired considering the magnitudes of the monitored PDs.
In the case that some hard events have appeared before the next monitoring period, failure of the cable
may occur.
To eliminate such drawbacks of manual and periodic monitoring, continuous monitoring is
evolving as the preferred method of measurement. Continuous monitoring requires a number of field
sensors which measure the data on 24/7 basis and thus, produce a significant amount of data [9,10].
Considering the typical case of PD monitoring, the amount of data grows substantially because of
high-speed PD transient signals (as compared to low frequency faults) that can only be captured with
a high sampling frequency. Improvements in data handling capabilities are gaining increased attention
considering various applications in the modernization of the power grid [11].
Recent work presented in [12] develops a high-speed data acquisition card for phase resolved
partial discharge (PRPD) measurements. The measurement system with a bandwidth of 60 MHz is
developed using analog-to-digital converters, a field programmable gate array, and a microprocessor
to capture different types of PD signals such as internal, corona, and surface discharge. The increased
speed of processing units is one way to address the challenge of processing large amounts of data.
However, such solutions alone are not sufficient for long term or continuous monitoring. The sampling
rate of the DAS is a key parameter to assess the amount of the data and diagnostic performance of a
monitoring system. Addressing the performance of a DAS, the work carried out in [13] presents a
PD measurement solution based on a sampling rate of 300 MHz. Lower sampling rates can reduce
the amount of data; however, this may have a serious impact on the accuracy of reconstructed
PD signals. Emphasizing the enhancement of digital signal processing techniques for PD analysis,
the work presented in [14] highlights that intelligent algorithms are required for the reduction of
the data. These algorithms have the capability to identify the important PD data from the repetitive
measurements and store it in the database for tracking the long-term history of components’ aging.
Similarly, realizing the need for data to occupy less space, the data compression techniques are
presented as fundamental solutions [14–16]. Considering the core measurement process, this paper
focuses on the data reduction approach by extracting the useful signals without losing any important
information during fault progression.
This paper presents a comprehensive study of two widely used methods to capture the PD data;
data acquisition techniques based on PRPD measurements and pulse acquisition (PA) measurements.
The paper studies the features of these techniques in accordance with the mechanism of the PD activity.
The aim is to improve the reliability of the diagnosis and data handling capability (data size) by
evaluating the suitability of the technique considering the challenges of randomness caused by the
nature of PD characteristics. Further, in this paper, Section 2 briefly introduces the PD mechanism.
Section 3 describes the characteristics of PD signals. Section 4 presents the experimental investigations
on medium voltage (MV) cables by using two types of data acquisition techniques. In Section 5,
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different aspects of both techniques are compared to observe the associated pros and cons while the
work is concluded in Section 6.
2. PD Mechanism
The purpose of the electric insulation between two electrodes is to hold-on the electrical charges
of opposite polarities by posing a high resistance in their path of movement through the material.
Under normal operating voltage, the electrical field stress is evenly distributed across the healthy part
of the insulation between the electrodes. Depending upon the dielectric properties, the insulation
of the electrical components has a certain electrical breakdown strength (expressed in kV/mm) [17].
The insulation defects such as voids, cracks, air bubbles and treeing in the dielectric insulation degrade
the insulation and grow with time due to TEAM stresses (thermal, electrical, ambient and mechanical
stresses). After a certain point, insulation strength may decrease. This causes a localized breakdown,
which in result produces PDs [18]. PD is defined as localized electrical discharge within only a limited
part of the insulation between two conductors [18].
In the case of cables, the inner conductor and the shielding act as the field initiating electrodes and
the insulation between them causes PDs if voids, cavities, or cracks are present inside the insulation.
During the early stage of defect development, the local electrical stress in the void exceeds the threshold
(inception voltage) and a discharge occurs that is limited across the void due to the healthy surrounding
insulation. Once started, PD causes the progressive deterioration of the surrounding insulation and
eventually leads to complete electrical breakdown [19].
Insulation degradation keeps progressing because of the continuous disintegration of the insulating
properties of a defect site due to each PD event. PD is a complex phenomenon and understanding
of the physical mechanism of the insulation defects and observed PD activity has remained of great
interest. However, the stochastic behavior of the PDs is not yet well understood. PD progression
comprises three stages; firstly, trapping and de-trapping of the space charge near micro cavities;
secondly, production of the hot electrons that cause bond breaking effects and enlargement of the
cavities, and thirdly, the PD avalanches that increase until the final breakdown [17]. Similarly, not only
is a sufficiently high electric field required to maintain the ionization process, the feedback mechanism
also contributes in the avalanching during the continuation of the PD emission [20]. The feedback
mechanism can be characterized as a continuous avalanching and ionization process. The avalanche
is the process of electron multiplication that is usually localized in its development and results in a
PD pulse. Typically, discharge activity is localized in the cavity where the electric field strength is
high enough to sustain the ionization of the electrons by various collision processes. However, charge
carriers outside the cavity can influence the activity within the cavity [17].
Insulation defects are mostly not of a well-defined shape or of uniform dimensions and a cavity
may not be a single entity but a combination of multiple micro-cavities surrounding the defect site.
Being located in the same vicinity, the miniature micro-cavities are considered as part of a primary
cavity. Continuous charging and discharging of the miniature cavities cause multiple pulses of different
amplitudes to appear and disappear at different instants with a random pattern. These factors together,
cause stochasticity and make the interpretation of the acquired data challenging [21].
3. Characteristics of PD Signals
The reliability of the PD diagnostics depends on the acquired data and the accuracy of its
interpretation. The characteristics of the signals and the equipment under test provide indispensable
information in order to interpret the data during analysis. The analysis can be done by observing the
most significant pulse characteristics in the time domain such as, shape of the PD pulse, pulse repetition,
and pulse propagation [21,22]. These characteristics are closely related to the PD mechanism in the
defective part of the insulation. Pulse shape and pulse repetition depends on the physical/electrical
parameters of the insulation defect or cavity while pulse propagation mainly depends on the length
and parameters of the cables.
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3.1. Pulse Shape
Each PD event generates a PD current pulse that can be represented mathematically as,
ipulse(t) = A(e−α2t − e−α1t) (1)
.
Equation (1) describes the model of a typical (mathematical) PD pulse that is compared with a
practically measured PD pulse in Figure 1. Here A is the peak value of the pulse, α1 is the rate of rise
and α2 is the rate of fall of the pulse.
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where hc is the depth of the cavity (void) which is referred as the distance across which the charges
propagate during a discharging event. Equation (3) presents an approximation of the rise-time,
however the local environment of the cavity, such as the conductivity of the surface and the internal
temperature, also affects the pulse characteristics [17]. For a cavity of 0.2 cm in diameter (d) located
between two polyethylene films with two voids depth (hc) of 0.08 mm and 0.12 mm, the rise-time
(tr) of the PD pulse is c lculated as 0.754 ns nd 0.991 ns, respectively [19]. The fall-time tf of the
emerged PD pulse depe ds the impedance of t e cable, propagation characteristics of the medium
(cable material), and the impedance of the measuring system [23]. The combination of the rising and
falling pulse signals determine the signature and pulse width of the PD pulses. The above-mentioned
pulse parameters vary for different types of insulation materials in electrical components. The size,
shape and type of insulation defect also affect the value of t se parameters.
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3.2. Pulse Repetition
The occurrence of the PD pulses and their repetition rate are closely associated with the applied
voltage and the type of the PD defect. Depending on the type of PD defect (internal, corona or surface
discharges) the PD pulses appear at different phase angles during positive and negative half-cycles of
the applied voltage [17]. In experimental studies, it is observed that for internal PD defects, the PD
activity appears during phase angles 330◦–90◦ and 150◦–270◦. For corona PD defects, the PD activity
mostly appears around 90◦ and 270◦, and for surface PD defects, the pulses are observed during 0◦–90◦
and 180◦–270◦ [22]. The case of internal PDs is considered a serious threat to the cable insulation and
its PD occurrence pattern is characterized in Figure 3.
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During normal operation when the applied voltage across the cavity Uc increases to partial
discharge inception voltage (PDIV) Ui, the cavity collapses rapidly. After discharge, the voltage Uc
across the cavity reduces to a small voltage Ue (extinction voltage), the discharge extinguishes, and the
PD pulse appears. At this stage, Uc again starts increasing until it reaches Ui and agai collapses
to create the next discharge. Thi c uses a repetitiv discharge event occurring during each power
half-cycle (positive and negative) a shown in Figure 3. It has b en observed that the PD magnitude
may vary significantly and that the pulse repetition rate pr depends on the average size of cavity and
the magnitude of the electrical stress (applied voltage) [17].
The pulse width of the PD signal is of nanosecond to microsecond order. The polarity of these
PD pulses is determined by the direction of the electric field developed across the cavity. The electric
field follows the polarity of applied (operational) voltage during each half-cycle. Thus, positive
and negative PD current pulses are produced during positive and negative half-cycles of applied
voltage, respectively.
3.3. Pulse Propagation
The PD signal has a considerably shorter pulse duration (tpd) as compared to its propagation
time (tpc) along the cable’s length. PD signals are thus narrow pulses that travel along the cable with
cable-specific wave propagation velocity. Considering the cable under observation has a certain length,
it is possible to see the complete shape of the PD pulses travelling along different locations of the line
and this feature provides the possibility to find the location of the PD sources. The propagation time of





where lc is the length of the cable and vp is the wave propagation velocity as shown in Figure 4.
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The wave propagation velocity of the PD signals on the line is approximately 3 × 108 m/s when
the insulation around the conductor is free space. Considering the cables where the insulation between
the cable conductor and shielding is, e.g., cross-linked polyethylene (XLPE) or paper, the propagation
velocity is reduced by the velocity factor that depends on the square root of the relative permittivity of
the insulation. For XLPE insulation propagation velocity has been measured as 1.57 × 108 m/s [24].
Taking into account the propagation velocity and typical pulse width of PD signals, the original pulse
and its reflection can be seen on a cable if the cable length is greater than 25 m. In a typical distribution
network, the usual length of a cable section is between 200 and 700 meters. Ther fore, time domain
reflectomet y-based diagnostics can be applied for fault location [25].
4. PD Measurements nd Data Acqu ition in Power Cables
4.1. Experimental Setup
PD measurements have been done on MV cables in the laboratory environment as shown in
Figure 5. The experimental setup is based on the IEC 60270 for PD measurements [26]. Two PD defects
were developed with different sizes, shapes and at different locations from the cable end. The PDIVs for
both types of sources were different. The applied voltage level was raised above the inception voltage
and it was confirmed that the activity from both the PD sources was seen. Single end measurements
were carried out using a high frequency current transformer (HFCT) installed at the shielding of the
cable end A. The primary window of HFCT is round, with an internal diameter of 15 mm. The transfer
ratio of the HFCT is 1:10 while the bandwidth is 0.5 to 80 MHz (−3 dB). The HFCT measures the PD
activity in terms of voltage and its output is connected to a high sampling frequency digital storage
oscilloscope (DSO) via a coaxial cable. A commercial measurement impedance (MI) is connected
in series with the high voltage coupling capacitor (CC). The voltage divider is developed to get the
applied voltage at the DSO.
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The primary criterion to assess the possibility of different sources is that the PD pulse inherits a
specific fingerprint (signature) associated with the shape or size of the PD defect [21,22]. Furthermore,
the propagation characteristics of the cable and t i tance of the PD source from the cable end,
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provide more information to assess if the identified PD signals are from different sources. Therefore,
the signature (wave shape) and the time difference of arrival between incident and first reflection are
important characteristics for PD diagnostics. The detailed experimental setup is shown in Figure 6.
Here, IPP1 is the incident PD pulse related to PD source 1 at location P1 while RPP is the reflected
PD pulse. Similarly, related to PD source 2 at location P2, IPP2 represents the incident pulse while
RPP represents the reflected PD pulse. The incident and reflected pulses from both sources can also be
differentiated by their respective color scheme.
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Figure 6. Single end PD measurement using a high frequency current transformer (HFCT) sensor.
In addition to the visual analysis to give a quick overview, a consistent analysis of the PD activity
needs careful study of the PD data. The usual practice is to acquire the data in digital form using
a DAS with suitable vertical rizontal resolution. The vertical res lution refers to the number
of dist nguishable di i els, expressed i number of bits, while the horizontal resolution refers
to the sampling rate express les per second. During our different studies in l boratory
environments, 8–12 bits DSOs (corresponding to 28–21 (256–4096) vertical levels) ith a sa pling rate
of 1–5 × 109 samples per second (GS/s) are considered to be suitable for reliable acquisition of PD data.
Considering different characteristics of the PD mechanism and propagation discussed earlier, two data
acquisition methods are presented below.
4.2. PRPD Based Acquisition Technique
PRPD measurements provide first-hand information about the presence of the PD signals at
specific phase locations within the positive and negative half of the power frequency cycle [22,27].
Due to the natur f the PD mechanism, the PD pulses continuously appear and disapp ar in a
fraction of a second. With the same d fect and under the same el ctrical st ess condition, different PD
activity (considering the number and amplitude of the pulses) is recorded. As can be seen in Figure 7,
one plot has a different number of pulses as compared to the other. Here, the possibility is to select the
recordings (data window) that have a greater number of pulses. The recordings having the highest
number of pulses have the probability of having pulses from all the active PD sources.
It was observed that within several PD recordings, there were only a few recordings that contain
two types of PD pulses in a single PD data window. Figure 7 presents four PRPD-based recordings
captured at different i stants and the 1st quarter of the cycle of each data recording is shown in the
plots (a) and (d). Because f th stochasticity of the PD activity, it is observed that among the four
recordings, PD signals from PD source 1 and PD source 2 wer pres nt in plot 6 (a) as highlighted.
The presence of the PD sources has been assessed based on the pulse reflection time. The PD source,
located at point P1 is at a distance of 27.42 m from line end A (see Figure 6). Similarly, the PD source 2
is located at point P2 at a distance of 2.56 m from line end A, while the HFCT sensor is installed at the
shielding of line end A. When a PD pulse appears at a defect point, it propagates towards both ends of
the line. The PD pulse (incident pulse) moving towards end A is captured by the HFCT sensor installed
at end A at a certain time t. The PD pulse moving towards the line end B is reflected from end B,
reaches the e A, and is captured by the HFCT after a pulse reflection time (time difference of arrival)
dt. The reflection f these pulses continu s until the pulses are att uated to a significantly small
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amplitude. If the PD sources are located at different locations along the line, then the corresponding
pulse reflection time is based on the distance of these sources from the measuring sensor. Therefore,
in this work, pulse reflection time is used to identify if these PD pulses are emerging from the same or
different PD sources. The pulse reflection time dt1 of the pulses from PD source 1 is 1.97 µs while the
pulse reflection time dt2 for the PD pulses from PD source 2 is 2.25 µs as shown in Figure 8. The time dt1
and dt2 is determined based on the location of the peaks of the 1st (incident) and the 2nd (1st reflected)
pulse. The following pulses are the reflections of the 1st and 2nd pulses.
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The PRPD recording shown in Figure 7b has two PD pulses and based on the s udied reflections,
both PD pulses are from the same PD source because their reflections were during the same time
interval. Based on the same criterion, in the third and fourth PRPD recordings shown in Figure 7c,d
respectively, it is found that all the recorded PD pulses are from a single PD source.
4.3. Pulse Acquisition Technique
PRPD-based measurements provide the acquisition of data continuously during the whole power
frequency cycle when the PD signal appears as well as during silent times when no PD signal is
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appearing, as can be seen in the plots in Figure 7. Due to the stochastic nature of the PD process,
a larger amount of data is preferred for reliable diagnostics. That means that a greater number of
pulses should be monitored in order to maximize the probability that the PDs appearing from all the
active PD sources have been captured [6,21]. The PA technique is referred to capture the data only
when a PD pulse appears (above a certain threshold). The purpose of applying the PA technique is to
avoid capturing the data during silent times.
In carrying out the measurements using the PA technique, 500 signals were captured that are
presented as a single time-series data recording as shown in Figure 9. Considering average amplitude
of the PD, the vertical limit was set to ±50 mV. The pulses with maxima above the vertical limit were
not considered.
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Figure 9. Pulse acquisition (PA) based data recording.
Each PD signal is captured as a specified length (number of data samples). The number of data
samples de en s upon the length of the cable under test and its wave propagation velocity. The length
of the PD signal is specified in order to capture both the incident pulse and its reflections. In this
test, a cable of 150 m was used, having a wave propagation velocity of 1.57 × 108 m/s. The two-way
propagation (distance of 300 m) requires about 2 µs. To observe further details of the PD propagation,
two reflections are captured that require 4 µs. In order to capture the signals completely, the time
window was finally set to 5 µs (5000 samples). Processing the 500 pulses, 382 pulses were found to be
from PD source 1, 32 pulses from PD source 2, while rest of the pulses were considered as noise. A set
of 10 consecutive pulses have been shown in Figure 10.Energies 2020, 13, x FOR PEER REVIEW 10 of 14 
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5. Performance Comparison of Data Acquisition Techniques
5.1. Reliability of Data Acquisition
As mentioned above, a number of PD pulses appear and disappear in rapid succession. When a
data window is observed at a certain time there is an equal possibility that the captured data does not
present the complete information of an ongoing PD activity in a component under test. The PRPD data
windows shown in Figure 7 are measured from the cable at which two different PD sources are active.
However, when analyzing the measurements, it is revealed that only one of the data windows shown
in Figure 7a contains the PD signals from both PD sources while the rest of the three data windows
(Figure 7b–d) have captured the signals from only one PD source. The performance of the PRPD
technique can be improved; firstly, by selecting those data recordings that contain higher numbers
of PD signals and secondly, by having a higher number of recordings. However, considering the
stochasticity of the phenomenon, the ambiguity is expected to remain, which makes this methodology
of data acquisition still unreliable.
The second set of measurements (pulse acquisition technique) as shown in Figure 9 captures the
consecutive pulses appearing during the PD activity. During this measurement, the acquisition system
continuously acquires the PD pulses that are emitted from any of the PD sources in the vicinity. In this
measurement, 500 PD pulses were recorded. The recoding of a large number of PD signals appearing
consecutively provides good reliability because all of the PD signals emerging from the active PD
sources are captured.
Considering another PRPD measurement scenario from a highly deteriorated insulation defect,
Figure 11 shows a PD recording in which a larger number of PD pulses are obtained. During the whole
power frequency cycle of 20 ms, approximately 60 PD pulses can be seen during the time interval
marked as 2 and 4. Here, 20 PD pulses are captured during the positive half-cycle and 40 PD pulses
are captured the during negative half-cycle. On the other hand, using the PA technique, out of 500
captured signals in Figure 12, there were 420 valid signal while the rest were considered as noise or
clipped. This was during 1 ms time which is 20 times less than that of the PRPD data time (20 ms).
Therefore, it can be considered that PA technique has the capability to provide the useful PD data in a
more compact form (with a large number of PD signals during less time) for diagnostics.
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5.2. Reduction in Data Size
Because of th rapid proliferation of the smart grid technologies, automated monitoring is gaining
popularity. Field sensors are proposed to be equipped with the onsite units with pre-processing before
sending the data [28]. The high sampling frequency of DAS makes it possible that all the pulses sensed
by the PD sensor are captured. The size of the data using PRPD based measurements is significantly
large. On the other hand, by adopting the PA technique, not only is improved reliability achieved,
but also the size of the data is reduced significantly.
The size of the dat has critical impact on the data handling tributes such as dat transmission,
storage, data processing speed, analysis and visualization. Considering the sampling rate of 1 GS/s,
it takes 2,500,000 samples to capture 500 PD signals (5000 samples per event) using the pulse acquisition
technique. Using the PRPD technique with the same sampling rate, the data size for 20 ms is
20,000,000 samples, which is approximately 8 times larger than that of the PA technique. Furthermore,
several recordings re required to increase the accuracy of the diagnostics while using the PRPD
technique. This consequently increases the recorded dat size significantly.
An overall comparison between both the data acquisition techniques for power cables is presented
in Figure 13. The PA technique can be equally applied for the other close size components such as
power transformers and switchgears. In that case, it is not required to take into account the reflections
and the used time window should cover only observations of a single PD pulse. Considering the
typical width of a PD pulse, a few hundred samples are required to capture one PD pulse. Therefore,
for closed sized power system components, the size of the data will be considerably smaller.
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6. Conclusions
Growing networks, smart grid implementation, distribution automation, self-healing capabilities
and increased reliability demand for continuous monitoring of the network equipment. Due to
the very nature of PD signals, continuous monitoring requires a large amount of digital data
that not only overloads the data processing units but also makes the processing highly expensive.
One possibility of improvement is to develop high speed and low-cost computing and processing
modules. The other direction is to explore efficient measurement processes. This paper presents a
solution by extracting the useful PD signals during the measurement process. The proposed solution
is built by carrying out efficient data acquisition based on expert knowledge of the PD mechanism,
propagation characteristics of the cables, PD pulse parameters, and digital functionality of the data
acquisition modules. The acquisition scheme is designed to record the data of the PD events without
capturing the silent time intervals.
The PA technique not only reduces the amount of data significantly, but more importantly,
it provides greater reliability of fault diagnostics by eliminating the probability of missing the useful
PD signal considerably, as compared to the PRPD technique. In this paper, the proposed technique
is presented in the perspective of MV cables by taking into account the length of the cable and thus,
the associated reflections of the PD signals. The presented concept can also be adopted accordingly for
PD monitoring of the other power grid equipment such as power transformers, switchgears, etc.
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